ABSTRACT The western cherry fruit fly, Rhagoletis indifferens Curran (Diptera: Tephritidae), is an endemic herbivore of bitter cherry, Prunus emarginata (Douglas ex Hooker) Eaton, but $100 years ago established on earlier-fruiting domesticated sweet cherry, Prunus avium (L.) L. Here, we determined if eclosion times of adult R. indifferens from sweet and bitter cherry differ according to the phenology of their respective host plants and if eclosion times of the host-specific parasitoid Diachasma muliebre (Muesebeck) (Hymenoptera: Braconidae) attacking bitter and sweet cherry flies differ according to the eclosion phenology of their fly hosts. Fly pupae from sweet and bitter cherry fruit were collected from sympatric and allopatric sites in Washington state, and chilled at 5 C. Because timing of eclosion in R. indifferens depends on chill duration, eclosion time in wasps could also vary with chill duration. To account for this, fly pupae were chilled for 1, 2, 2.5, 3, 4, 6, or 8 mo. Both flies and wasps eclosed earlier with longer chill durations. Eclosion times of sweet and bitter cherry flies from a sympatric site in central Washington did not differ. However, at allopatric sites in northwestern and central Washington, bitter cherry flies eclosed later than sweet and bitter cherry flies at the sympatric site. Correspondingly, D. muliebre parasitizing a more isolated bitter cherry fly population eclosed later than D. muliebre parasitizing earlier-emerging sweet and bitter cherry fly populations. These results provide evidence for D. muliebre rapidly responding to changes in host plant shifts by R. indifferens.
Fruit flies in the genus Rhagoletis (Diptera: Tephritidae) are a model for understanding ecological speciation via host plant shifting (Bush 1969 , Feder et al. 1988 , Berlocher and Feder 2002 . The apple maggot fly, Rhagoletis pomonella (Walsh) , is the best-known example. In the mid-1800s, flies from the ancestral host downy hawthorn, Crataegus mollis (Torrey & Asa Gray) Scheele, shifted to and formed host associated races on introduced, domesticated apple, Malus domestica (Borkhausen), in the eastern United States (Walsh 1867 , Feder et al. 1988 , Filchak et al. 2000 , Berlocher and Feder 2002 . One key host plant-related ecological adaptation differentiating the R. pomonella fly races is the timing of adult eclosion (Dambroski and Feder 2007, Feder et al. 1993) . Given that adult R. pomonella are short lived ($28 d), overwinter in a facultative pupal diapause, and are univoltine, they must synchronize their eclosion phenology with the timing of fruit maturation. Apple varieties most conducive for larval development and survivorship fruit 3-4 wk before downy hawthorn. As a result, apple-origin flies are genetically programmed to eclose 2-3 wk earlier than hawthorn-origin flies (Feder et al. 1993 (Feder et al. , 1994 . This difference generates allochronic prezygotic reproductive isolation as well as ecologically based post zygotic reproductive isolation between the host races (Feder et al. 1993 , 1994 , Filchak et al. 2000 .
Ecological adaptation and host race formation of R. pomonella has induced a "sequential radiation" of one of its host-specific parasitoid wasps, Diachasma alloeum (Muesebeck) (Hymenoptera: Braconidae) (Forbes et al. 2009 ). Paralleling the host races of R. pomonella, D. alloeum attacking flies in apple and hawthorn also eclose as adults at different times, depending on the phenology of fruit maturation of their respective host plants and eclosion phenology of their respective fly hosts. Given that the lifespan of adult wasps is shorter than that of the flies ($14 vs. $28 d), allochronic reproductive isolation may be more pronounced in D. alloeum than R. pomonella (Forbes et al. 2009) .
A similar yet comparatively understudied system exists in western North America. The western cherry fruit fly, Rhagoletis indifferens Curran, is an endemic herbivore of the bitter cherry Prunus emarginata (Douglas ex Hooker) Eaton in the western United States and southwestern Canada (Frick et al. 1954 ).
Populations of R. indifferens established on domesticated sweet cherry, Prunus avium (L.) L., $100 years ago (Wilson and Lovett 1913) , shortly after sweet cherries were introduced to the northwestern United States in the mid-1800s (McClintock 1967) . The phenology of the two cherry hosts there differ, with sweet cherries typically ripening from late May to July and bitter cherries from July to September (Esser 1995 , Long et al. 2007 , Yee 2014 . Correspondingly, adult flies on average appear earlier in sweet than bitter cherry trees (Yee 2014) , suggesting emergence times that are at least under partial genetic control. Thus, synchronization and potential allochronic isolation between bitter and sweet cherry-infesting populations of R. indifferens in the western United States may provide another example of host race formation for flies and associated parasitoids, as observed for R. pomonella in the eastern United States.
The life history of R. indifferens on sweet cherry is similar to that of other Rhagoletis flies on their host plants. Females oviposit in cherries, where larvae feed for $2-3 wk. After fruit have ripened, larvae leave and burrow into the soil where they pupate. Pupae undergo a near obligatory diapause, which is maintained at high temperatures and broken after prolonged chilling (Frick et al. 1954, Van Kirk and AliNiazee 1982) . There is one major generation per year, with <8% of pupae diapausing for >1 yr after prolonged chilling (Frick et al. 1954) . No information on chill requirements of bitter cherry-origin flies has been reported to date.
Diachasma muliebre (Muesebeck) (Hymenoptera: Braconidae) is the most common parasitoid of R. indifferens (Frick et al. 1954 , Muesebeck 1956 [referred to as Opius muliebris]), and is the focal natural enemy species of this study. The wasp is an asexual, all female, parthenogenetic species found primarily in Washington, Oregon, and California (Muesebeck 1956 (Muesebeck , 1958 Wharton 1997 ) that is only known to parasitize R. indifferens. Little information on D. muliebre behavior exists, but based on behaviors of related species in the same genus (Forbes et al. 2010 , Stelinski et al. 2010 , Hood et al. 2012 , it is assumed that the wasp oviposits into second-or third-instar fly larvae feeding within cherries. After parasitized fly larvae leave cherries and pupate in the ground, wasp larvae consume the fly pupae. After overwintering in the fly puparium, D. muliebre ecloses the following summer, although its eclosion times with respect to those of R. indifferens are not known.
The main objectives of the current study were to determine 1) if eclosion times of adult R. indifferens from sweet and bitter cherry differ according to the phenology of their respective host plants and 2) if eclosion times of D. muliebre differ according to the eclosion phenology of their fly hosts. In addition, because timing of eclosion in R. indifferens is dependent on chill duration (Frick et al. 1954 , AliNiazee 1975 , Van Kirk and AliNiazee 1982 , eclosion times of wasps also should vary with chilling, such that they are synchronized with when fly larvae are available. Thus, we also determined 3) how fly and wasp eclosion relationships may be affected by different chill period lengths.
Materials and Methods
Collection Sites. Naturally infested ripe sweet (varieties unknown) and bitter cherries were collected from haphazardly selected trees at 10 different sites in western and central Washington (WA) and in Hood River in Oregon (Fig. 1 ) from July to September in 2010 and at two and one of these sites in 2011 and 2012, respectively. Sweet cherries ripened in July and bitter cherries in August and September at our collection sites. In 2010, sites in four areas (Fig. 1) were sampled. These were 1) Hood River, Hazel Dell, and Woodland (ponderosa pine and coast forest ecosystem), collectively grouped as a "southwestern WA" site for sweet cherry collections in this article. These three sites were sympatric for sweet and bitter cherry, but bitter cherry fruit were not collected in high enough numbers there to include in the current study; 2) Eldon, Gardiner, Port Angeles, Lyre River, and Discovery Bay in the Olympic Peninsula (coast forest ecosystem), collectively grouped as a "northwestern WA" site for bitter cherry. These sites were allopatric, with no sweet cherry present in the vicinity; 3) Roslyn and the adjacent town of Cle Elum (ponderosa pine-bunchgrass ecosystem), called the "Roslyn" site, sympatric for sweet and bitter cherry. The Roslyn site is urbanized but surrounded by wilderness with many of both cherry species (Yee 2014) ; 4) Nile (ponderosa pine ecosystem), called the "Nile" site, which was located in a valley isolated from Roslyn by Cleman Mountain to the north. The Nile site was mostly wilderness and unlike Roslyn had only one patch of sweet cherry trees, which was not infested (based on attempts to rear larvae from their fruit) and that was !1.6 km from the nearest sampled bitter cherry trees. R. indifferens does not disperse large distances (Jones and Wallace 1955, Senger et al. 2009 ) and it is not likely flies moved back and forth between bitter cherry trees and the one patch of uninfested sweet cherry there. Therefore, the Nile site was considered allopatric for bitter cherry.
In 2011, both the Roslyn and Nile sites were sampled, while in 2012, only the Roslyn site was sampled. Different varieties of bitter cherry occur in western and central WA (Hitchcock and Cronquist 1973) . Prunus emarginata var. mollis (Douglas ex Hooker) W.H. Brewer, a slender tree-like form, is found in western WA, while the shrub-like P. emarginata var. emarginata (Douglas ex Hooker) David Dietrich, is found in central WA. One sweet or bitter cherry tree was one replicate. However, in central Washington, the shrub-like bitter cherry trees grew in clumps or groups with trunks 1-2 m apart, often as thickets. Because bitter cherry reproduces vegetatively (Esser 1995) , trees this close could share the same root system and thus separate appearing trees could be genetically identical. Therefore, a group of such trees was also considered one replicate. Ripe fruit were picked from trees when late-instar larvae were present, which varied depending on the site, and placed in plastic bags or tubs and transferred on the same day to the U.S. Department of Agriculture-Agricultural Rsearch Services (USDA-ARS) laboratory in Wapato, WA, or the Washington State University laboratory in Vancouver, WA. Approximately 3 kg of sweet cherries and 0.25-1 kg of bitter cherries were sampled per tree. Bitter cherries from Roslyn and Nile were picked within 1 wk of one another in late August and early September.
Experimental Design. Designs of experiments in 2010, 2011, and 2012 are shown in Table 1 . Owing to labor limitations, not all sites, each cherry species, and chill durations were tested every year. In 2011, the intent was to sample sweet and bitter cherry at Roslyn, but that year bitter cherry fruit loads were low and few larvae were collected, so bitter cherry from Roslyn was not included for analysis in 2011. In 2012, collections were limited owing to labor to sweet and bitter cherry in Roslyn, and made because of the absence of data from bitter cherry there for analysis in 2011. The 3-mo chill treatment was chosen in 2012 because data from 2010 and 2011 indicated relatively few flies from sweet and bitter cherry eclosed at <3 mo chilling and differences in eclosion between the two were relatively small at 8 mo of chilling.
Infested cherries were held at 23-24 C, a photoperiod of 16:8 (L:D) h, and 30-40% relative hunidity for fly larval emergence. Cherries were placed on hardware cloth suspended above tubs with a small amount of soil. Every 2 d, pupae were collected and placed in moist soil inside 473-ml clear plastic containers (sealed with a lid to retain high humidity). The period of larval emergence from cherries after fruit collections was $2 wk. Pupae collected from sweet and bitter cherries were divided into roughly equal subsamples, held at 20-23 C for 10-12 d, and then chilled at a mean of 5 C inside temperature cabinets for periods ranging from 1 to 8 mo, as shown in Table 1 Onset Computer Corp., Bourne, MA) throughout the chill periods. Post chilling, the sealed plastic containers with pupae were transferred to and held at 23-24 C and a photoperiod of 16:8 (L:D) h. Fly and wasp eclosion were monitored on a daily basis by placing the plastic containers inside a 0.03-m 3 window screen cage with a cloth sleeve and removing lids from the containers. Insects were then captured inside the cage using glass vials and frozen at À20 C for later identification. In addition to R. indifferens and D. muliebre, the braconids Diachasmimorpha mellea (Gahan) (from bitter cherry), Utetes rosicola (Muesebeck) (sweet and bitter cherry), and Utetes frequens (Fischer) (bitter cherry) and the pteromalid Halticoptera sp. (sweet cherry in central WA) also emerged from fly puparia, but numbers of the four were too low for analysis. For the 2010 experiment, eclosion was checked daily for 90 d; for 2011 and 2012 experiments, daily for 120 d. Wasps were identified based on Muesebeck (1956) and Wharton and Marsh (1978) . Voucher specimens are maintained at the USDA-ARS Laboratory in Wapato, WA, and at the University of Iowa in Iowa City, IA.
Statistics. Differences in mean eclosion times (in days) following chilling among replicates of different host associated populations of flies and wasps at sites within years were analyzed for statistical significance. In the 2010 experiment, response variables did not deviate from normality and homogeneity of variance assumptions (Shapiro-Wilk and Brown and Forsythe's tests, respectively; SAS Institute Inc. 2014, Cary, NC; although not all data may have been normal given small sample sizes), so data for both R. indifferens and D. muliebre were analyzed using a two-way analysis of variance (ANOVA). For R. indifferens, host and site could not be used as factors because only bitter cherry was found in northwestern WA sites; only sweet cherry was collected in southwestern WA; and only bitter cherry was found in sampled locations in Nile. Thus, host-site group was one factor and chill duration the other in ANOVA. For D. muliebre, sweet cherry was not included in the ANOVA because only one or two replicate trees per chill duration produced wasps. Consequently, only bitter cherry sites and chill duration were factors in the wasp analysis. Simple effects analysis was conducted when there were significant interactions, using one-way ANOVA, on individual factors followed by Tukey's HSD test. In the 2011 experiment for R. indifferens, data did not have homogenous variance and were analyzed using Wilcoxon two-sample (site comparison) or Kruskall-Wallis (chill duration comparison) tests followed by LSD tests (Conover 1980) . No D. muliebre emerged from sweet cherry fly puparia in the 2011 experiment, but they did from bitter cherry fly puparia; data met normality and homogenous variance assumptions and a one-way ANOVA was conducted on effects of chill duration. In the 2012 experiment, fly data met normality and homogenous variance assumptions and were analyzed using t-tests; wasp data did not and were analyzed using the Wilcoxon two-sample test. All statistical analyses were performed using SAS (SAS Institute Inc. 2014). Tables 2 and 3 ). Northwestern bitter cherry flies also eclosed later than southwestern sweet cherry flies, but only in the 4-mo chill treatment. This contributed to the significant host site group Â chill duration interaction (Table 3) .
No D. muliebre eclosed from southwestern WA sweet or northwestern bitter cherry fly puparia in 2010. However, the wasp did eclose from Roslyn sweet and bitter and Nile bitter cherry fly puparia. Wasps eclosed later from Nile than Roslyn bitter cherry fly puparia in the 6-mo chill treatment. Nile bitter cherry wasps also eclosed later than wasps from Roslyn sweet cherry fly puparia in 4-and 8-mo chill treatments, corresponding to the later eclosion of flies from Nile than Roslyn (Figs. 2-4 ; Tables 2 and 3). Because of the low numbers of D. muliebre that eclosed from the Roslyn sweet cherry collection, we used bitter cherry only. Thus, we could not estimate a host site term, but only a site term, in the ANOVA analysis for wasps in 2010. The site and chill duration terms were both significant for the wasps in the ANOVA, but the interaction term was not (Table 3) .
The average eclosion time difference between bitter cherry flies and wasps at Roslyn (28-36 d) was significantly greater than the average difference at Nile (23-28 d) for all chill durations (Figs. 2D, 2E ; 3D, 3E; 4D, and 4E; two-way ANOVA: site: F ¼ 7.49; df ¼ 1, 22; P ¼ 0.0121; chill duration: F ¼ 5.18; df ¼ 2, 22; P ¼ 0.0143; site Â chill duration: F ¼ 1.01; df ¼ 2, 22; P ¼ 0.3819). 2012 Experiment. Mean eclosion times of sympatric Roslyn sweet and bitter cherry flies after 3 mo of chilling did not differ ( Fig. 8 ; Table 5 ), consistent with results for the Roslyn populations at 4, 6, and 8 mo of chilling in 2010. Roslyn wasps from bitter cherry fly puparia eclosed later numerically than Roslyn wasps from sweet cherry fly puparia, but this was based on only nine wasps from sweet cherry and the difference was not significant ( Fig. 8 ; Table 5 ). The average difference in eclosion time between flies and wasps at Roslyn was greater for the bitter (30 d) than sweet cherry (24 d) populations (t ¼ 3.32; df ¼ 3; P ¼ 0.0450).
Discussion
Our results imply a complex interplay across the landscape between the fruiting phenologies of native versus introduced cherry host plants and the eclosion times of R. indifferens flies that infest the plants and D. muliebre wasps that parasitize the flies. Results suggest that the fruiting time difference of host cherries coupled with local gene flow among fly populations is not sufficient to allow for differences in eclosion time to evolve between R. indifferens infesting sweet and bitter cherries at sympatric sites. However, at allopatric sites where bitter cherry is found alone and somewhat spatially isolated from sweet cherry, significantly later eclosion time differences can be seen for R. indifferens attacking the later fruiting native host.
A combination of factors involving the biology of host cherries and flies likely contribute to the observed pattern of variation in R. indifferens eclosion times.
First, sweet and bitter cherries are adapted to different elevations, with domesticated cherries found more often at lower altitudes in the bottomlands and bitter cherries at higher altitudes (Frick et al. 1954 , Esser 1995 , such that certain bitter cherry sites exist that are geographically disjunct from sweet cherry sites. As a result, gene flow from sweet cherry-infesting R. indifferens would be expected to be reduced at these sites. There the flies are able to more freely evolutionarily track the later fruiting time of their bitter cherry hosts, which could account for the significantly later eclosion times of populations at the Nile and northwestern WA (at 4 mo) sites in the current study.
Second, all things considered, sweet cherry appears to be a better host for R. indifferens than bitter cherry. High fruit loads are more consistent, fruit are larger, and wasp parasitism rates are lower in the introduced than native host plant (Frick et al. 1954 , Yee 2008 , Yee et al. 2011 . Flies in central WA also prefer to oviposit in cultivated cherries (Simkover 1953) . As a result, local population sizes are generally higher for R. indifferens on sweet than bitter cherry (Yee 2008) . Gene flow is therefore expected to occur primarily in the direction of sweet into bitter cherry fly populations at sympatric sites. Sweet cherries ripen earlier than bitter cherries by $2 wk (Yee 2014) , but the life span of R. indifferens may be long enough (Frick et al. 1954 ) and gene flow levels high enough from source sweet cherry populations such that significant eclosion time differences may not evolve for co-occurring bitter cherry flies.
Eclosion times of both flies and wasps were shorter when fly pupae were exposed to longer chill durations, consistent with previous work on the fly (Van Kirk and AliNiazee 1982), and could be related to chill requirements of the flies' host plants. Possibly allopatric bitter cherry flies such as in Nile require longer chill durations to eclose as early as sweet cherry flies because bitter cherry trees require more chill periods for bloom than sweet cherry. Fruiting of sweet cherry trees is dependent on chilling lengths, with later-flowering cultivars needing higher chilling requirements (Alburquerque et al. 2008) . Although no chilling requirement data for bitter cherry have been reported, fruit of the native chokecherry Prunus virginiana L. (common at Roslyn and Nile sites) ripen much later than sweet cherry. Correspondingly, chokecherry has longer chilling -, no eclosion. A, allopatric sites; S, sympatric sites. Two to seven replicates. Mean number adult insects 6 SE per replicate: R. indifferens: 4 mo, 54 6 9; 6 mo, 53 6 10; 8 mo, 102 6 31; D. muliebre: 4 mo, 9 6 2; 6 mo, 21 6 6; 8 mo, 31 6 9.
a One replicate, so sweet cherry not included in analysis. Means within columns followed by the same letter are not significantly different (Tukey's HSD test, P > 0.05). a Only bitter cherry included in analysis because only one or two replicate trees per chill duration produced wasps for sweet cherries. As a result, the host site group term in the ANOVA should be considered to represent a site group term for the wasps instead. requirements (10 wk at 4 C; Crook and Black 2010) than sweet cherry (6-7 wk at 7 C; Ryugo 1988). Longer chill durations of fly pupae would select for wasps that also require long chill durations to eclose, so that wasps emerge at times when there are fly larvae in cherries to parasitize. Altogether, using host plant and chill duration data, evidence is that the flies have adapted to host plant phenology, and wasps have adapted to fly phenology and, therefore, indirectly to host plants.
Long chill duration had different effects on bitter cherry fly populations from northwestern and Nile sites. Northwestern WA bitter cherry flies eclosed later than sympatric sweet cherry flies only in the 4-and not 6-and 8-mo chill treatments, whereas Nile flies eclosed later than the sweet cherry flies for all chill durations. Possibly, northwestern WA bitter cherry fly pupae have adapted to warmer fall and winter temperatures (November through March; mean minimum of 1.7 C in the Olympic Peninsula). These flies may not need the high chilling units required by flies adapted to the colder Nile area (À5.4 C) to eclose as early as sweet cherry flies (climate data from Desert Research Institute [2015] ).
Average differences between R. indifferens and D. muliebre eclosion were 23-36 d, which cover the length of time from oviposition by flies to pupation (Frick et al. 1954 ). This suggests wasps have evolved to synchronize their eclosion with when R. indifferens larvae are present. The time gap between fly and wasp eclosion was conspicuously greater for the Roslyn than Nile populations (Figs. 2-4) , suggesting bitter cherry fly larval populations could appear later or be present longer in Roslyn than in Nile in the particular trees sampled in 2010.
Differences in eclosion times of flies from sweet and bitter cherry could be under partial genetic control, but so far there has been no evidence that R. indifferens from the two host plants are genetically distinct (Maxwell et al. 2013 ). Also, genetic differences have not been detected in populations infesting different host plants for Rhagoletis mendax Curran (Teixeira and Polavarapu 2001) , Rhagoletis cingulata (Loew) (Smith et al. 2013) , and Rhagoletis alternata Fallén (Vaupel et al. 2007 ). In contrast, genetic differences have been detected between R. pomonella populations infesting apple versus hawthorns (Feder et al. 1988 ) and between European cherry fruit fly [Rhagoletis cerasi (L.)] populations infesting sweet cherry versus honeysuckle, Lonicera xylosteum L. (Schwarz et al. 2003) . Given the last two examples, genetic differences between R. indifferens from allopatric sweet and bitter cherry may yet be discovered. Unlike R. indifferens, genetic differences in D. muliebre attacking sweet and bitter cherries and in sympatric versus allopatric sites have been detected. Within the Roslyn site, wasps from bitter cherry and sweet cherry differed in mitochondrial DNA (mtDNA) haplotype frequencies (e.g., only 10.9% of 55 wasps from bitter cherry vs. 100% of 57 wasps from sweet cherry were haplotype II; Forbes et al. 2013) . Furthermore, earlier-eclosing wasps from Roslyn sweet and bitter cherry fly puparia and later-eclosing wasps from Nile bitter cherry fly puparia also differed in their mtDNA haplotype frequencies (Forbes et al. 2013 In summary, our results provide evidence for D. muliebre rapidly responding to changes in host plant shifts by R. indifferens by eclosing earlier and potentially also by adapting to variations in local environmental conditions. Data from additional sympatric sweet and bitter cherry populations and genetic analyses of fly and wasp populations are needed to further support this hypothesis. Nevertheless, the current findings about a complex host plant and host-parasitoid relationship can help identify conditions needed for ecological speciation in Rhagoletis flies and their parasites. '' 60.5 6 3.3 (7.5A) 87.9 6 1.0A Sweet Cherry Roslyn 3 mo 40.3 6 0.4 (3.0B) -Bitter Cherry Nile '' 52.1 6 2.8 (7.5A) 79.5 6 1.1B Sweet Cherry Roslyn 4 mo 40.3 6 0.7 (3.0B) -Bitter Cherry Nile '' 50.2 6 2.0 (7.5A) 77.1 6 1.5B Sweet Cherry Roslyn 8 mo 27.3 6 0.2 (3.0B) -Bitter Cherry Nile '' 35.0 6 0.9 (7.5A) 66.1 6 1.7C
-, No eclosion (for R. indifferens, 1 mo data not analyzed). Four or five replicates. Mean number adults 6 SE per replicate: R. indifferens: 1 mo, 1 6 1; 2 mo, 11 6 5; 2.5 mo, 19 6 6; 3 mo, 17 6 4; 4 mo, 42 6 7; 8 mo, 48 6 9; D. muliebre: 1 mo, 6 6 2; 2 mo, 10 6 3; 2.5 mo, 9 6 1; 3 mo, 24 6 8; 4 mo, 33 6 5; 8 mo, 26 6 5.
a Ranks within months in parentheses with same letters are not significantly different (Wilcoxon two-sample test, P > 0.05).
b Means with same letter are not significantly different (one-way ANOVA: F ¼ 37.06; df ¼ 3, 18; P < 0.0001; Tukey HSD test, P > 0.05). 
